Abstract: Microbial fuel cells (MFCs) are bioelectrochemical systems (BESs) that exploit biological catalytic processes for the generation of electrical power or the accumulation of useful compounds. Photosynthetic MFCs (pMFCs) are those that utilise photosynthetic microorganisms, such as algae and cyanobacteria, to provide reducing power at the anode. A reproducible light-dependent electrogenic effect occurs as algae or cyanobacteria convert light to electrical energy in the BES. In addition to the generation of electricity, the phenomenon may be useful in niche circumstances such as for bioelectrosynthesis or for use in environmental biosensors. In this study we measure the effect of common toxicants (copper, thallium, zinc and glyphosate) on the electrogenic activity of electrode surface-dwelling algae and cyanobacteria. We observed a decrease in the light-dependent electrical 214
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Introduction
Electrogenic microorganisms can donate electrons from biochemical processes inside the cell to acceptors in the environment, which can be harvested in bioelectrochemical systems (BESs) such as microbial fuel cells (MFCs; [1] [2] [3] ). Electrons can be derived from organic substrates in microorganisms (sometimes referred to as heterotrophic MFCs) or from photosynthetic processes in photosynthetic MFCs (pMFCs). Liberated electrons pass through an external circuit as electric current and combine with cathodic electron acceptors through electrocatalytic or biocatalytic reductions. These BESs can be 'mediated', using mobile electron shuttles as redox mediators, or 'mediator-less', where electrons are transferred directly from the microorganism to the electrode. This is referred to as direct electron transfer (DET) where electrons may be delivered by electron transport enzymes or, modified pilus-like structures ('nanowires') directly to the anode.
There are a range of configurations of both MFCs and pMFCs where the anode and cathodes are in the same or separate chambers, with or without ion exchange membranes, where biological processes occur at either or both of the electrodes in the fuel cell and other variations [4] [5] [6] [7] [8] [9] . In pMFCs electrogenic activity can be light-dependent in both cyanobacteria [10] , which are prokaryotic and have relatively simple cellular structure, and in more complex eukaryotic algae [11, 12] . It has also been demonstrated that electrons are donated directly from photosynthetic electron transport chains in cyanobacteria [13] . This results in a light-dependent electrogenic effect, where current is generated in pMFCs immediately and directly in response to light.
How the electrons are donated to acceptors outside of the microorganism is only recently starting to be unravelled. In bacteria and cyanobacteria hair-like cellular appendages called pili have been found in species that are electrogenic and are likely to be responsible for current delivery from the cells [14, 15] . These so-called 'bacterial nanowires' contain redox active peptides and proteins, and possibly other moieties with electron shuttling ability, they have high conductivity [16] [17] [18] [19] [20] [21] [22] , and recently it has been shown that they have metal-like conductivity [23] [24] [25] .
Why microorganisms donate electrons externally is still unknown though there are at least three possible reasons or combinations thereof. First and most likely, is the dumping of reducing power for intracellular protection from reactive oxygen species (ROS) formation. This would be especially important in photosynthetic microorganisms where light-driven processes cause oxidative stress, though all electron transport chains including non-light-driven cellular respiration, loose a proportion of the electrons being transported along them with up to 2% of these electrons leaking, potentially leading to oxidative stress [26, 27] . Protection from oxidative stress has been indicated in experiments using chemical inhibitors of photosynthesis during the light-dependent electrogenic effect of cyanobacteria in pMFCs [28] . The second hypothesis for the phenomenon of active transportation of electrons outside of the microorganism, is for the reduction of substrates, such as metals, in the environment increasing their bioavailability [29] [30] [31] [32] . The final hypothesis, is that the electron donation is part of microbial communication pathways, however, this is currently speculative with little or no supportive experimental data. This theory recognises that many electrogenic organisms naturally live in complex ecological niches within biofilms. Electrical communication between the microorganisms in addition to chemical communication seems plausible.
Luimstra et al. [11] developed a simple and cost-effective pMFC and demonstrated its utility for screening cultures of individual cyanobacteria and algae for their ability to display a light-dependent electrogenic effect. The simple device was also useful to provide selective pressure in the form of a 'redox poise' applied to either the anode or the cathode of the pMFC to isolate electrogens from complex mixtures of photosynthetic microorganisms or biofilms [11] as has been done for heterotrophic MFCs [33, 34] .
The power generated in MFCs is significantly lower than for chemical fuel cells and much lower again for pMFCs so they may only be useful for generating electricity in niche applications. Other potential applications include bioelectrosynthesis, where the redox environment inside the microbial cell is manipulated to favour the production of target molecules via the MFC [35] [36] [37] , or for bioremediation of waste including aromatic hydrocarbons [38] and metals such as selenite and chromium [39, 40] . Understanding basic aspects of the light-dependent electrogenic phenomenon will help establish potential applications.
Recent studies have shown that the light-dependent electrogenic effect, where a reliable change in voltage and current production occurred during diurnal or artificial light on: off transitions, in both microalgae and cyanobacteria was stable for many weeks [11, 13] . This led us to investigate whether the phenomenon could be utilised as an environmental biosensor.
Biosensors are analytical devices used for the detection of an analyte that utilises a biological component as a physicochemical detector. The sensing element is biologicallyderived and could be an enzyme, antibody, cellular receptor, nucleic acid, organelle, microorganism, or even a tissue. The biologically-derived material, or biomimic of a biological material, interacts with the analyte under study by binding or otherwise recognising the analyte. Presently most biosensors, especially the most common varieties using antibodies or enzymes, have known targets so the sensing element is usually specific and predefined. In the present work we investigate whether photosynthetic metabolism be used to integrate and sense environmental signals, and in particular, can the effect of toxic compounds be detected by the disruption of the reliable lightdependent electrogenic effect?
In this study we tested different concentrations of common environmental toxicants; copper, zinc, thallium and glyphosate solutions, on two different benthic photosynthetic microorganisms; Paulschulzia pseudovolvox [11] (a eukaryotic microalgae, isolated from New Zealand) and a species of cyanobacteria in the order Chroococcales (CAWBG64, isolated from Antarctica [41] ). These species were chosen because they form well-defined benthic mats and have demonstrated a robust light-dependent electrogenic effect [11] .
Materials and methods
The cyanobacteria CAWBG64 was sourced from the Cawthron Institute Culture Collection of Microalgae (CICCM) [41] and cultivated in MLA medium [42] . The microalgae P. pseudovolvox isolated in previous pMFC work [11] were cultivated in F/2 medium [43] without the addition of silicates (F/2-Si). Both were grown in anode chambers during four weeks under standard conditions: 18 ± 1°C, 40 µmol photons m -2 .s -1 of light from cool white fluorescent tubes arranged above the cultures on a 12 : 12 h light : dark regime, and then tested in the pMFC under experimental conditions: 25 ± 1°C with 2 : 2 h light : dark period where light was provided by light emitting diodes at 650 nm 400 µmol photons m -2 .s -1 . The pMFC was constructed as described by Luimstra et al. [11] . The anode of the pMFC was the bottom of a 70 ml disposable polystyrene sample bottle (ThermoFisher Scientific, New Zealand) coated with a carbon paint spiked with polypyrrole with a carbon fibre thread used as a charge collector and the anode lead. Paulschulzia pseudovolvox and CAWBG64 were grown up in this chamber for four weeks prior to experiments. The chamber was then converted into a pMFC by the addition of an assembly containing the cathode. The cathode was a carbon cloth containing 10% platinum (Fuel Cell Earth LLC, MA, USA) press-fitted with a machined cap to a polycarbonate tube with a titanium ring as a charge collector and carbon fibre thread wrapped around this ring as the cathode lead. The light-dependent electrogenic activity was monitored using a BASi CV-27 potentiostat as the current between anode and cathode when a 6.2 kΩ load was applied with a resistor. This load is slightly higher than the internal resistance in this pMFC determined previously of between 3 kΩ and 5 kΩ when the two electrodes are spaced at 10 mm in MLA medium. The internal resistance in F/2-Si is likely to be lower as it is a seawater-based medium with higher salt concentration than MLA. The current delivered by pMFCs were recorded using a MacLab data recording system at 30 s intervals.
Three light on: light off cycles were allowed for the electrogenic effect to stabilise after the load was applied to the pMFC prior to addition each toxicant. Three heavy metals and one herbicide were tested for their effects on the light-dependent electrogenic activity in P. pseudovolvox and CAWBG64 (Table 1) . Stock solutions were prepared in distilled water enabling between 100 µl and 500 µl to be added to the 12 ml pMFC, representing no more than ~4% v/v. The toxicant was added and mixed through a port in the lid of the pMFC at exactly the same time as the light was switched on by a timer. The effect of the toxicant was calculated as the percentage of the current delivered as the integral of the current measurement for the 2 h light on period immediately following the toxicant addition vs. the 2 h light on period immediately prior (equation (1)). A new anode chamber with a four week old culture of each photosynthetic microorganism was used at each determination. The percentage of effect of toxicant on electrogenic current delivery was calculated:
Results
As the pMFC is wired conventionally to the recording equipment, a positive electrogenic response where electrons are delivered from the photosynthetic microorganism to the anode of the pMFC, is represented by a downward movement of the recording trace. This decrease in potential follows an increase of negatively charged electrons at the anode [11] . The stabilisation period of light on: light off cycles after the load was applied to the pMFC is shown in Figure 1 for 4-week old culture of P.pseudovolvox in F/2-Si media. Following this period the peak area of the delivered current varied by no more than 5% with an average peak area (equation (1)) of 2.92 × 10 4 ± 0.095 (SEM) mV.s -1 . The stable light-dependent electrogenic effect is shown in Figure 2 . A similar behaviour was demonstrated for 4-week old cultures of CAWBG64 (data not shown). In all cases the area of the current peak was smaller following addition of the toxicants (Figure 3 ). For some toxicants at certain concentrations the observed response after the addition comprised two phases: an initial upward deflection with a short peak, followed by a downward deflection representing the increase in current delivered to the anode throughout the rest of the 2 h light period ( Figure 3 ). We investigated this initial response with a series of experiments adding different volumes of F/2-Si media alone and concluded that this was not noise measured by the recording equipment during the intervention, but likely a localised increase in ionic strength on addition of the solute owing to poor mixing inside the pMFC. To factor out this potential confounding effect we excluded these initial peaks from the calculation of the area of electrogenic response (Figure 3 ). For copper, zinc and glyphosate there was a dose-dependent decrease in the lightdependent electrogenic effect (Figure 4) giving an EC 50 of 196, 1035 and 375 µM respectively (Table 1) for P. pseudovolvox. The light-dependent electrogenic response of P. pseudovolvox was resistant to thallium, i.e., there was no dose-dependent decrease at any concentration of this toxicant tested (up to 3 mM, data not shown). CAWBG64 however was sensitive to thallium with a 100% decrease in the light-dependent electrogenic response at doses as low as 125 µM (data not shown). Further data is currently being gathered to generate robust dose curves and calculate EC50's for this species, but preliminary data indicate that it is generally more sensitive to the toxicants tested than P. pseudovolvox.
The data presented here are for the first light-dependent electrogenic period following toxicant addition. EC 50 's presented here do not represent LD 50 ' s as in most doses tested the light-dependent electrogenic effect recovered to full strength after several light on: light off cycles.
Discussion
The maximum power generated in this photosynthetic system, which has a relatively high internal resistance, under a 6.2 kΩ load was 0.12 mW.m -2 for CAWBG64 and 6.2 mW.m -2 for P. pseudovolvox with the open circuit potential difference reaching 350 mV. This is markedly lower than the ~270 mW.m -2 for MFCs dependent on heterotrophic processes such as biofilms containing Geobacter sp., the first microorganism that was shown to demonstrate the phenomenon and therefore a much more well characterised system [33] . Both biological systems tested in this study also produce much less power than that from current dye-sensitised solar cells that generate 30-130 W.cm -2 in a Grätzel cell (Prof. Michael Grätzel, pers. comm.). Power from the CAWBG64 cyanobacteria used in this work has been increased by immobilising them on electrodes modified with a Os 2+ / 3+ redox polymer as an efficient electron mediator [48] . Power in the pMFC could be further improved by decreasing the internal resistance, reducing internal pH gradients and removing photosynthetically-produced oxygen at the anode surface, which is likely to be competing with oxygen at the cathode as an electron acceptor. So apart from niche remote power uses, other applications for the MFC and pMFC processes are being explored. These include use for bioremediation and bioelectrosynthesis (which involves the fuel cell being used to change the redox environment inside the cell and therefore modify the 'products' that can be harvested from the algae and cyanobacteria) and their use as biosensors.
This work describes a proof-of-concept investigating the applicability of using a pMFC containing benthic algae or cyanobacteria as an environmental biosensor for common toxicants. Here three metals and a herbicide were tested with EC 50 's demonstrated at environmentally relevant concentrations [44, 45, 47] in the alga P. pseudovolvox. This alga was apparently completely resistant to thallium where in other preliminary work we have shown it to have strong effects on the cyanobacteria CAWBG64. During the publication of this work it was discovered that the presence of potassium ions in the media for P. pseudovolvox competitively outcompetes thallium uptake, explaining the discrepancy (Olivier Champeau, pers. comm.). More work is needed to extend the results to a greater range of species of photosynthetic microorganism types of toxicants. The concept is that the entire metabolism of the organism, including photosynthetic processes, are available to integrate the presence of analytes in the environment. It has been established that electrons donated to the pMFC for the light-dependent electrogenic effect in cyanobacteria are derived directly from photosynthesis and not from cellular stores or via cellular reducing equivalents [28] . Using inhibitors of photosynthetic electron transport this is also true for P. pseudovolvox (manuscript in preparation), which is the first time this has been demonstrated in a photosynthetic eukaryote. This is supported by the observation that in CAWBG64 and P. pseudovolvox the generation of electric current was instantaneous following exposure to light.
Many studies have investigated the effects of heavy metal toxicity towards the photosynthetic electron transport chain in thylakoid membranes. Metals are known to induce oxidative damage to the essential proteins embedded in the thylakoid membrane and might be primarily responsible for the inhibition of electron flow [49] [50] [51] . More specifically, it appeared that metal ions inhibit both the donor and the acceptor sides of the photosystem II (PSII) and lead to the interruption of electron transport whereas photosystem I (PSI) is less sensitive [52] . The cytochrome B6F complex has also been suggested as an inhibitory site [53] . With regards to the effect of the herbicide glyphosate on photosynthesis, studies have demonstrated that increasing the concentration and time of application of glyphosate on plants (cogongrass) resulted in PSII reaction centres gradually closing with a decline of electron transport rate and quantum yield [54] .
The dose-dependent response observed in the present study indicates that the toxicants act specifically on microbial metabolism and this may allow the use of pMFCs as biosensors for analysing contaminated watercourses for instance. One embodiment could be benthic cyanobacteria or algae embedded within pMFC microfluidic devices with water samples from the environmental regularly passed through the device and the affect on an internally-generated light-dependent electrogenic response determined. Two factors support use in this way. Firstly, the effect is largely reversible with the electrogenic activity recovering after a period of time. Secondly, it has been observed that benthic mats of both P. pseudovolvox and CAWBG64 become senescent for long periods (months) after nutrients are consumed under a variety of different conditions including different types of media. At this point the benthic mat turns brown but the mat remains intact and adheres to the anode surface of the anode chamber. The cultures respond to addition of fresh media by turning green after a few days and a robust and reliable light dependent electrogenic response resumes (data not shown).
Biosensors are used in a variety of ways including for ecotoxicology where biological, chemical or physical stressors can be studied. Many ecotoxicology assays use organisms in the ecosystem being studied or indicator organisms as sensing elements but most rely on a lethal dose 50 response to potential environmental toxicants and most biosensors have known targets and therefore a specified response element. The system described here may complement these by being able to detect analytes of 'emerging' importance where a specific test has not yet been developed by measuring their effect on the entire metabolism of a photosynthetic microbe. This will only occur if the toxicant is able to enter the microbe by obtaining access to the relevant process in the cell.
Further research is underway to investigate a matrix of species and toxicants including those investigated in this study and additionally iron. Initial results suggest P. pseudovolvox to be more resistant to effects of the toxicants tested than CAWBG64, demonstrating the value in using multiple species as each will have a different level of sensitivity to different analytes.
